Abstract. Herbicide desorption isotherms may be affected by the amount of nondesorbable herbicide present in soil. Nondesorbable alachlor (as determined after methanol extraction) generally increased on a Waukegan silt loam (Typic Hapludolls) and a Ves clay loam (Udic Haplustolls) during five 0.01 M CaC12 desorptions. Atrazine was totally extracted with methanol from the Waukegan soil after one desorption using 0.01 M CaC12. However, after five desorptions with 0.01 M CaC12 an average of 5.5 and 15.5 % of the total recovered atrazine from two atrazine application rates was methanol nondesorbable from the Waukegan and Ves soils, respectively. Freundlich desorption isotherms adjusted for nondesorbable herbicide accounted for as much as 71% of the difference between adsorption and desorption isotherms. Only a portion of the hysteresis observed can be attributable to nondesorbable
INTRODUCTION
Herbicide adsorption to and subsequent desorption from soil is often characterized in the laboratory using slurry experiments. The Freundlich equation is used frequently to describe the herbicide distribution between soil and solution for both adsorption and desorption. Herbicide desorption from soil, however, may not be predicted reliably from the Freundlich adsorption isotherm. Less herbicide desorbed from soil than predicted by the adsorption isotherm is often referred to as hysteresis. Hysteresis implies that a portion of the applied herbicide is very strongly or irreversibly bound to soil (2, 3, 7, 9, 14) . However, experimental factors that can contribute to a hysteresis effect include nonattainment of equilibrium during adsorption or desorption processes, formation of herbicide precipitates, and loss of herbicide due to metabolism or experimental error.
Pesticide residues are considered bound when the chemical species cannot be extracted by methods commonly used for 'Received for publication May 2, 1989 , and in revised form November 15, 1989. 2Agron. and Soil Sci., respectively, Soil residue analyses or after exhaustive extraction (6) . Bound residues may be parent material or degradation products. Bound pesticide residues have accounted for 7 to 90% of the total applied pesticide, several days to several months after application (6) . Approximately 60% of 14C-atrazine applied to an Ochrepts soil was nonextractable by methanol solution (4:1 methanol:water) 1 yr after atrazine application (11) .
Kinetic parameters of binding and release of atrazine on "restricted" and "labile" soil sites of freshwater sediments have been reported (14) . A nonlinear regression model predicts an increase in binding of atrazine to restricted sites with a concomitant decrease in binding to labile sites as adsorption time increases (14) . Also, soil organic matter may provide restricted binding sites for herbicides. Bound 14C residues of prometryn [N,N'-bis(1-methylethyl) -6 -methylthio-1,3,5-triazine-2,4-diamine] in an organic soil increased to 43% over a 150-day incubation (5) .
Degradation or the formation of nonextractable herbicide residues during laboratory batch experiments may account for the irreversible binding of parent compound. Metolachlor [2- chloro-N-(2-ethyl-6-methylphenyl) -N -(2-methoxy-1-methylethyl)acetamide] adsorption was not completely reversible 3 days after application (8) . The half-lives of metolachlor and alachlor, at 20 C and 80% soil moisture, were 16 and 11 days, respectively, in a clay loam soil (16) . Beestman and Deming (1) reported an alachlor half-life of 8 days at 22 C in a silt soil.
Bound pesticide residues would affect the observed herbicide-soil equilibrium during desorption. Only a portion of the adsorbed herbicide would be available for desorption.
Correcting the desorption isotherms for the amount of nondesorbable herbicide on the soil may result in desorption isotherms more similar to adsorption isotherms. The objectives of this study were to determine: a) if a portion of adsorbed atrazine and alachlor was nondesorbable from two solution was added to 10 g soil in a 25-ml glass centrifuge tube and the tube was sealed with a teflon-lined cap. The tubes were shaken mechanically for 24 h. Time study results (not shown) indicated that 88% of the alachlor and 98% of the atrazine that was adsorbed in 24 h was adsorbed in the first 2 h. The change in the amount of alachlor and atrazine adsorbed between 24 and 48 h was less than 2% on each soil. Following equilibration, the suspensions were centrifuged for 30 min at 8000 rpm (ca. 8000 x g). A 4-ml aliquot of supernatant was removed. Fine sediments in the supematant were not removed. Filtering through a 2-,m silver filter did not affect herbicide solution concentration in a previous study (4) . The amount of 14C in supernatant was determined by liquid scintillation counting (LSC)3 for 10 min. The amount of herbicide in solution was then calculated.
The amount of herbicide adsorbed to the soil after equilibration was the difference between herbicide concentration in soil-free blanks and herbicide concentration in solution after equilibration with soil. Adsorption was determined on six soil samples for each initial herbicide solution concentration at 23 C. Adsorption isotherms were calculated for each herbicide using the linearized form of the Freundlich equation log x/m = log Kf + (1/n) log C, where x/m is .tmol herbicide adsorbed per kg soil, C is j.mol herbicide per L of supernatant solution after equilibration, and Kf and 1/n are empirical constants. Isotherm coefficients were calculated by the least squares technique on the mean of the replicates of the log-transformed equilibrium data. Statistical evaluation included Bartlett's test for homogeneity of variances, comparison of slopes and elevations of the regression lines, and calculation of the 95% confidence intervals for the intercept (log Kf) and slope (1/n). The total recovery of 14C in the soil was determined by combustion. Approximately 0.5 g of soil was mixed with an equal volume of cellulose and combusted using a Packard 306 oxidizer4. The 14C02 evolved was trapped in Carbosorb4 and collected in a liquid scintillation vial. Permafluor V4 was then added and the radioactivity detennined by LSC techniques.
Linearized desorption isotherms were calculated using the Freundlich equation for each herbicide-concentration-soil treatment. Calculations were done assuming total recovery and also correcting for nondesorbable herbicide. Degradation. For each herbicide adsorption-desorption process, a portion of the supematant containing 14C was spotted M NaOH was added to the trap tube. The flasks were sealed and incubated at 23 C. A 5-ml aliquot of NaOH was removed at the end of 8 days. The concentration of 14C02 in the NaOH was determined by LSC methods. The alachlor mineralization study was run once using three replicates for each soil type. RESULTS 
AND DISCUSSION
Adsorption. The Freundlich equation adequately described adsorption of both herbicides to both soils (r2 > 0.96) ( Tables  2 and 3 and Figures 1 and 2 ). More herbicide was adsorbed to 76 Volume 38, Issue I (January) 1990 (Tables 2 and 3 ). The adsorption isotherms for both herbicides on both soils had a 1/n (slope) value less than 1.
The slope of less than unity indicates that as the concentration of herbicide in solution increased, the percentage of soiladsorbed herbicide decreased. Adsorption isotherms with slopes less than 1 have been previously reported for alachlor (10) and atrazine (4).
Desorption. Desorption of both herbicides from both soils with 0.01 M CaC12 was hysteretic. Nonadjusted desorption isotherms had slopes less than those for the adsorption isotherms (Tables 2 and 3 and Figures 1 and 2 ). Hysteresis has been described previously for atrazine (4, 13) . atfnol adsorbed (nonadjusted) -j?mol adsorbed (adjusted sorbed (nonadjusted) -jmol adsorbed (predicted by adsorpt cide may be parent compound or strongly bound metabolite.
The Waukegan silt loam treated with alachlor at 28 pmol L-1 had more nondesorbable alachlor than the Ves clay loam with the same treatment after five desorption equilibrations ( Table 4 ). The Waukegan silt loam had 10% of the total recovered alachlor nondesorbable while the Ves clay loam had 6% of the total recovered alachlor nondesorbable. The greater concentration of nondesorbable alachlor remaining on the Waukegan silt loam probably was due to the slightly higher cation exchange capacity (CEC)3 compared to the CEC of the Ves clay loam (Table 1) (10, 15) .
In contrast, more atrazine was nondesorbable after 5 days from the Ves clay loam compared to the amount of nondesorbable atrazine on the Waukegan silt loam ( Table 5 desorption steps influenced both the Kf and 1/n values compared to the nonadjusted desorption isotherms. The slopes for the adjusted isothenns were more similar to the adsorption isothenn slopes than the slopes of nonadjusted isotherms (Tables 2 and 3 ). The amount of hysteresis accounted for when desorption isotherns were adjusted for the methanol nondesorbable herbicide ranged from 9% for the high alachlor-Ves combination and low atrazine-Waukegan combination to 71% for the low atrazine-Ves combination (Table 6 ).
Methanol nondesorbable herbicide did not account for all observed hysteresis in this experiment. Other factors contribute to the amount of hysteresis. Loss of herbicide due to pipetting was measured by rinsing pipettes twice with methanol and 14C in rinsate counted by LSC techniques. Pipetting losses ranged from 0.4 to 0.8% during the entire 0.01 M CaCl2 and methanol desorption processes. Choice of organic solvent affected the amount of nondesorbable herbicide that remained on the soil. For example, alachlor desorption with toluene, in the same experimental procedure, was studied. Alachlor was totally desorbed after one desorption; however, after 5 desorption steps, toluene desorbed less alachlor (8 to 21% nondesorbable) than did methanol (6 to 10% nondesorbable). The amount of hysteresis accounted for with toluene-nondesorbable alach was greater than with methanol (authors' unpublished data). However, total recovery of alachlor with toluene extractions was approximately 80% after five desorptions, while total recovery of alachlor with methanol extractions total recovery was greater than 90% (Table 4 ). Poor mixing of the soil-0.01 M CaC12 solution with toluene may have resulted in lower recoveries.
In conclusion, a portion of the observed hysteresis with alachlor and atrazine on Ves clay loam and Waukegan silt loam could be a result of soil-bound nondesorbable parent herbicide or degradation products. The amount of nondesorbable herbicide and the amount of hysteresis accounted for in this study were dependent on the soil type, herbicide applied, solvent used for extraction, and the number of equilibration periods. The amount of nondesorbable herbicides may increase as the aging process of the herbicide in soil progresses over days, weeks, and months (6, 11, 14) .
However, the amount of nondesorbable herbicide may explain a portion of observed hysteresis during laboratory batch desorption experiments.
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